A 32 kb nucleotide sequence in the region of the lincomycin-resistance gene, located from 22O to 25" on the Bacillus subtilis chromosome, was determined. Among 32 putative ORFs identified, four [/@A for lipase, natA, natB and p a € (renamed yccK)] have already been reported, although the functions of NatA, NatB and YccK remain to be characterized. Six putative products were found to exhibit significant similarity to known proteins in the databases, namely L-asparaginase precursor, protein aspartate phosphatase, a-glucosidase, two tellurite-resistance proteins and a hypothetical protein from B. subtilis. The region of the tellurite-resistance gene, consisting of seven ORFs, seems to correspond to an operon. The products of 14 ORFs exhibited considerable or limited similarity to known proteins. The sequenced region seems to be rich in membrane proteins, since at least 16 gene products appeared to contain membrane-spanning domains. The site of the /in-2 mutation (two nucleotide replacements) was mapped and identified by sequencing. This site is located between a putative promoter and the SD sequence of lmrA (yccB)[a putative repressor of the Imr operon, which consists of lmrA and lmrB (yccA)]. LmrB is a homologue of proteins involved in drug-export systems and seems likely to be the protein responsible for resistance to lincomycin.
INTRODUCTION
A lincomycin-resistance mutation (lin-2) has been used as a fundamental genetic marker in the determination of map position of genes around the 25" region of the Bacillus subtilis chromosome (Goldthwaite et al., 1970 ; Harford & Sueoka, 1970; Nomura et al., 1978) . Two different determinants of lincomycin-resistance have been reported in Streptomyces lincolnensis (Zhang et al., 1992; Peschke et al., 1995) . One involved in the S-adenosyl-methionine-dependent methyltransferase which methylates 23s rRNA and mediates so-called MLS (macrolide/lincosamide/streptogramin B) resistance (Skinner et al., 1983) , whereas the other is involved in drug export (Neyfakh et al., 1991 ; Rouch et al., 1990 ).
The GenBanWEMBVDDBJ accession number for the sequence reported in this paper is AB000617.
As part of the B. subtilis genome cooperative project between European and Japanese laboratories to determine the entire sequence of the B. subtilis genome, we analysed a region of about 200 kb, from 20" to 36", in which genes for a-amylase and the production of surfactin are located. The region that includes the lincomycin-resistance gene, comprising 35 kb, is located between the 21.5 kb of the pNEXT9 region (20"-22"; Ogawa et al., 1995;  accession no. D30808) and the 146 kb of the amyE-srfA-pNEXT59 region (25"-36" ; Yamane et al., 1996; accession nos D38181 and D50543). The sequence of a 32 kb portion of this 35 kb region was determined and analysed with respect to the amino acid sequences encoded by each ORF and their homologies to known proteins in the databases. The remaining two 1.5 kb sequences at the 5' and 3'ends of the 35 kb region were reported previously (Ogawa et al., 1995; Yamane et al., 1996) . Thirty two genes were identified in the sequenced region. We then determined the site of the lin-2 mutation in the chromosome of the lincomycinresistant strain B. subtilis 1A221 and discuss a possible mechanism for resistance to lincomycin.
METHODS
Bacterial strains and a plasmid. B. subtilis 168 (trpC2) from our laboratory was used as the standard strain for sequencing.
A lincomycin-resistant strain, B. subtilis 1A221 (lin-2), was obtained from the Bacillus Genetic Stock Center (Columbus, OH, USA). A lincomycin-resistant transformant of B. subtilis 168 [B. subtilis 168L (lin-2, trpC2 )I was prepared in this study.
Chromosomal DNA was extracted by the phenol/pH 9 method of Saito & Miura (1963) . Plasmid pUC18 and E.coli JM109 were used for the preparation of randomly overlapping libraries for shotgun sequencing. Transformation of B. subtilis. The method used forDNAmediated transformation with competent cultures of B. subtilis 168 was a slightly modified version of that reported by Wilson & Bott (1968) . Lincomycin (Sigma) was used at 75 pg ml-l for assaying resistance for the drug. Sequencing, handling of data, and computer analysis. We constructed overlapping libraries of short fragments obtained by sonic oscillation (30 W, 30 s) as described by Ogasawara et al. (1994) and Ogawa et al. (1995) . Sequences of fragments from the libraries were determined with an automated DNA sequencer (model 373, Applied Biosystems) with sequencing kits (Applied Biosystems). DNA sequences were compiled using the ATSQ program from Software Development, and putative ORFs were located using the GENETYX-MAC (Software Development) and GENEWORKS (IntelliGenetics) programs. The amino acid sequences encoded by ORFs were searched for similarity to sequences reported in non-redundant sequence databases using the BLAST e-mail servers at the Human Genome Center, Institute of Medical Sciences, University of Tokyo, Tokyo, Japan.
RESULTS AND DISCUSSION
Preparation of fragments of the region from 22" to 25" of the B. subtilis chromosome for sequencing
The strategy for the cloning of DNA fragments from the region 22"-25" of the B. subtilis chromosome is summarized in Fig. 1 . Since the 21.5 and 146 kb sequences in the pNEXT9 (20"-22") and amyEsrfA-pNEXT59 (25"-36") regions, respectively, were known (Ogawa et al., 1995; Yamane et al., 1996) , four fragments of DNA for sequencing were prepared by inverse and standard long-range PCR (Triglia et al., 1988; Saiki et al., 1985) . F1 (5.35 kb) and F4 (5.30 kb) fragments were prepared by inverse PCR with NspV-or ClaI-digested and re-ligated preparations as template, respectively. After sequencing of the F1 and F4 fragments, the chromosomal DNA was digested by SphI and the F3 fragment (6.8 kb) was obtained by inverse PCR. Finally, the F2 fragment (15 kb) was obtained by standard long-range PCR.
Assignment of ORFs
A search was made for putative ORFs in the region from 22" to 25" region in all six possible translation frames. Based on the length of a sequence starting from ATG, GTG or T T G and preceded by a putative Shine- , 1996) . In the lower part, genes shown above the line are those whose transcription and translation occur in the same direction as the replication fork, and those shown below the line are transcribed in the opposite direction. Solid black boxes, function of the gene product known or reported; chequered boxes, the product shows strong similarity to known protein(s) in the databases (BLAST score 2400); hatched boxes, considerable similarity (BLAST score 200-399); striped boxes, very low similarity (BLAST score < 199); white boxes, gene product with no similarity to any known proteins. Dalgarno (SD) sequence, we identified 34 putative ORFs. Of these, the pcp and opuAA genes and part of the yc6U gene were reported previously ( Fig. 1 ; Ogawa et al., 1995; Yamane et al., 1996) . The initiation codon for 27 ORFs was ATG, for four ORFs it was GTG, and for three it was TTG. No suitable SD sequence was found for yceK. The direction of transcription and translation of 24 ORFs was the same as that of movement of the replication fork. In the other ten cases, this direction was the opposite. The organization of the 34 ORFs is summarized in Fig. 1 
Identification of previously reported genes
In addition to pcp (Awade et al., 1992) and opuAA (Kempf & Bremer, 1995), four genes had previously been reported (Table 2) : the lipA gene for lipase (Dartois et al., 1992) ; and the natA, natB and yzaE genes (sp : NATLBACSU, NATB-BACSU, and YZAE-BACSU). The designation of yzaE has been changed to yccK in this report. The nucleotide sequences of the four genes that we determined were identical to those reported previously. The amino acid sequence of NatA showed considerable similarity to that of an ABC transporter ATP-binding protein of Synechocystis sp. PCC 6803 (BLAST score, 283 ; gp : D90905-77) and to that of a hypothetical ATP-binding transport protein of Bacillus firmus (sp : YATP-BACFI ; BLAST score, 259). Nevertheless, the deduced amino acid sequences of NatB and YccK did not show any similarity to any proteins in the databases. Therefore the function of the three gene products remains to be characterized. 
Similarity of the gene products to known proteins
The amino acid sequences of the putative products of each ORF were compared with those in non-redundant protein databases and the results are summarized in Table 2 . Among the 28 putative ORFs (the four previously reported ORFs were not included), the predicted amino acid sequences of six showed strong similarity (BLAST scores above 400) to known proteins in the databases, eight showed considerable similarity (BLAST scores 399-200) and six showed very limited similarity (BLAST scores 199-100). The remaining eight showed no similarity to known proteins. Among the 20 gene products that exhibited some similarity to known proteins in the databases, YceA was similar to a hypothetical protein in Cyanophora paradoxa , and YceB and YceH were similar to proteins of unknown function in B. subtilis (sp : YWCH-BACSU ; and sp : YAAN-BACSU). Thus the functions of 14 gene products, including NatA, NatB and YccK, remain unknown.
Among the gene products with strong similarity to other proteins, YcdG exhibited very strong similarity to oligo-1,6-glucosidase of Bacillus thermoglucosidasius (49 YO identity; Watanabe et al., 1991) and to a-glucosidase of Bacillus sp. (51.6% identity; Nakao et al., 1994) . Therefore, YcdG might be the a-glucosidase (GlcA) of B. subtilis. YccC was very similar to L-asparaginase of Erwinia chrysanthemi (Minton et al., 1986) . The amino acid sequence of YcdE was very similar to that of protein aspartate phosphatase (GsiA) (44 YO identity) of B.
subtilis (Mueller et al., 1992) . Perego et al. (1996) reported that six genes which were homologues of gsiA encode the family of aspartate-phosphate phosphatase (RapA-RapF). YcdE were also quite similar to TerE (51.0%) and TerD (52-9%), respectively. The seven genes from yceC to ycel seemed to form an operon and the number of genes in the operon is equal to that in the tellurite-resistance operon of plasmid R478. The first four genes in the putative operon in B. subtilis were similar to those in plasmid R478, as described above, whereas the latter three were not.
Determination of the site of the /in-2 mutation
T o isolate it from other possible mutations in B. subtilis 1A221, the lin-2 mutation was transferred to B. subtilis 168 by DNA-mediated transformation. A lincomycinresistant transformant (B. subtilis 168L) was selected, and its chromosomal DNA was used as a template for preparing four DNA fragments by PCR (F5-F8) , which covered the 32 kb sequenced region (Fig. 2) . These DNA fragments were introduced into competent B. subtilis 168 cells. Lincomycin-resistant transformants were obtained only with the FS fragment, which included yccA, the gene for a homologue of the multidrugresistance protein (EmrB) of E. coli. In a computer search for promoters and terminators, we found that covered the 32 kb sequenced region (Fig. 2) . These DNA fragments were introduced into competent B. subtilis 168 cells. Lincomycin-resistant transformants were obtained only with the F.5 fragment, which included yccA, the gene for a homologue of the multidrugresistance protein (EmrB) of E. coli. In a computer search for promoters and terminators, we found that y c c A formed an operon with yccB, and we designated this operon the lrnr operon. We next prepared four other DNA fragments (F9-F12) by PCR. F9 included pcp-ycbU, F10 included yccA-yccB, F11 included 'yccB-yccF, and F12 included yccC-yccF. The F10 and F11 fragments gave lincomycin-resistant transformants whereas F9 and F12 did not. These results indicated that the site of the lin-2 mutation was located at the overlapping region of fragments F10 and F11, which includes a putative promoter region for the lmr operon.
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No lincomycin-resistant transformants were obtained by F13, although it encodes another homologue (YceJ) of the multi-drug resistance protein, Bmr.
We sequenced the F10 fragment to determine the exact site of the lin-2 mutation. The nucleotide sequences of y c c A and yccB of B. subtilis 168L were identical to those of B. subtilis 168. However, two nucleotides, A and G residues at positions 3834 and 3819 in the chromosomal DNA of B. subtilis 1A221, were replaced by C and T, respectively. The mutations were located between the putative promoter and the SD sequence (Fig. 3) . The organization of genes in the lrnr operon, which consists of y c c A and yccB, was identical to those of the emrAlemrB and emrKlemrY operons of E . coli. YccA consists of 479 amino acids (molecular mass, 51-7 kDa) and it contains at least 15 transmembrane domains. Furthermore, its amino acid sequence showed considerable similarity to the lincomycin-resistance protein (Rouch et al., 1990) , and others ( Therefore, it is possible that LmrB endows resistance to lincomycin through a drug-efflux system. Table 3 summarizes the consensus amino acid sequences of translocases and the drug-consensus sequences of various drug-resistance proteins, which are involved in efflux systems. The deduced molecular mass of YccB was similar to that of EmrA and EmrK of E. coli, whereas the amino acid sequence of YccB was different from that of those proteins. The sequence showed 214% identity to that of TcmR of Streptomyces glaucescens, which is a repressor of the tcm operon (tetracenomycin resistance) that consists of 11 genes. In TcmR, a DNA-binding motif (a helix-turn-helix structure) has been identified (Guilfoile & Hutchinson, 1992a, b) . Using the rules developed by Chou & Fasman (1978) , we found that YccB contains a putative helixturn-helix structure from Ala70 to Leu9O. This suggests that YccB might be a regulator of the lmr operon. Therefore, yccB was renamed lmrA of B. subtilis. Our results suggest that the lin-2 mutation resulted in overexpression of lmrB by disruption of a binding site for a regulatory protein, which might be encoded by
ImrA. To examine the mechanism of this overexpression of the lmr operon, we are now studying the disruption and expression of lmrA and ImrB.
The 35 kb region that we have sequenced is rich in genes for membrane proteins. At least 16 gene products (YcbU, ImrB, YccC, YccG, YccH, NatA, NatB, YccK, YcdA, YcdH, YcdI, YceA, YceF, YceG, YceI and YceJ) seem to be proteins with transmembrane domains. It is also of interest that this region is rich in genes that confer resistance to drugs and a metal. The products of ten genes (LmrA, LmrB, YceC-YceI and YceJ) appear to be associated with these properties.
